Background {#Sec1}
==========

Mechanical forces are important regulators of bone homeostasis \[[@CR1]\]. Application of mechanical loading promotes bone formation, whereas lack of loading results in bone loss \[[@CR2]\]. Osteoblasts and their precursor cells are sensitive to mechanical strain. Many studies have shown that mechanical strains are crucial for the regulation of osteoblastic proliferation, differentiation, and apoptosis \[[@CR3],[@CR4]\].

Integrins act as mechanotransducers and the stimulation of them has been shown to regulate cellular growth and gene expression \[[@CR5]\]. In bone, integrins transduce mechanical signals imposed on bone into responses of bone cells \[[@CR6],[@CR7]\]. Integrin-β1 plays great roles in osteoblasts^,^ activity, expression of an osteoblast-specific dominant negative form of integrin-β1 resulted in reduced bone mass \[[@CR8]\]. Fluid flow shear stress increased integrin-β1 expression of osteoblasts \[[@CR9]\], and the shear stress induced osteogenic differentiation through integrin-β1 \[[@CR10]\].

Mechanical tensile strain induced the expressions of integrin-β1 and integrin-β5 of MC3T3-E1 preosteoblasts \[[@CR11]\], and increased the expression of ECM-related proteins, such as osteonectin, osteopontin (OPN), osteocalcin (OCN), and collagen type I (Col I) \[[@CR12]\]. In addition, mechanical tensile strain (0.8-3.2%) induced human osteoblastic differentiation \[[@CR13]\].

Previous studies indicated that mechanical tensile strain promoted osteoblastic differentiation and ECM production of MC3T3-E1 preosteoblasts \[[@CR14],[@CR15]\], integrin-β1 and integrin-β5 were involved in osteoblasts proliferation regulated by the cyclic tensile strain \[[@CR11]\]. However, the involvement of integrin- β1 and β5 in osteoblastic differentiation and ECM formation induced by mechanical tensile strain, remains unclear. In this study, MC3T3-E1 cells were stimulated with the mechanical tensile strain, then the mediation of integrin-β1 and β5 in osteoblastic differentiation and ECM formation promoted by the tensile strain, was investigated.

Results {#Sec2}
=======

Cyclic tensile strain promotes osteoblastic differentiation and ECM formation {#Sec3}
-----------------------------------------------------------------------------

After exposing the MC3T3-E1 cells to mechanical tensile strain of 2500 με at 0.5 Hz, 1 h/day, for 3 days (or 5 days), the ALP activity was enhanced (Figure [1](#Fig1){ref-type="fig"}, the first, and the second column of A and B panels), the mRNA levels of *ALP*, *OCN*, and *OPG* were all elevated (Figure [2](#Fig2){ref-type="fig"}, the first, and the second column of B, C, D panels). The cyclic tensile strain for 3 days increased protein levels of Runx 2, OPN, Col I (Figure [3](#Fig3){ref-type="fig"}, the first, and the second column of A-E panels), and Ca content of ECM (Figure [4](#Fig4){ref-type="fig"}, the first, and the second column of C panels). ALP and OPN are markers of early osteoblastic differentiation \[[@CR16],[@CR17]\]. OCN, OPG, Runx 2, Col I, and Ca content are all markers for osteoblastic differentiation in previous study \[[@CR14],[@CR15],[@CR18],[@CR19]\]. Therefore, these results indicated that the mechanical tensile strain promoted osteoblastic differentiation.Figure 1Assay of ALP activity. The results showed that the mechanical tensile strain of 2500 με at 0.5 Hz applied 1 h per day for 3 days **(A)** or 5 days **(B)**, elevated ALP activity of pre-osteoblastic MC3T3-E1 cells, pretreatment of integrin-β1 siRNA inhibited the mechanical strain induced elevation of ALP activity (the first and second column of **A** and **B**). Integrin-β5 siRNA had little effect on ALP activity, and pretreatments of both integrin-β1 siRNA and integrin-β5 siRNA simultaneously also attenuated the elevation of ALP activity, but the effect was weaker than only integrin-β1 siRNA. \*P \< 0.05, \*\*P \< 0.01, between indicated groups.Figure 2Assay of mRNA levels of integrin-β1, integrin-β5, ALP, OCN, and OPG using real-time PCR. Pretreatment of integrin-β1 or ntegrin-β5 siRNA reduced mRNA level of integrin-β1 or β5 **(A)**. The mechanical tensile strain of 2500 με enhanced mRNA levels of ALP, OCN, and OPG in MC3T3-E1 cells (the first and second column of **B**, **C** and **D**), pretreatment of integrin-β1 siRNA inhibited the mechanical induced the enhancement of the three mRNAs levels. Integrin-β5 siRNA had little effect on these mRNA levels, and pretreatments of both integrin-β1 siRNA and integrin-β5 siRNA simultaneously also attenuated the elevation, but the inhibitory effect was weaker than only integrin-β1 siRNA. \*P \< 0.05, \*\*P \< 0.01, between indicated groups.Figure 3Western Blot analysis of protein levels of integrin-β1 and β5, Runx 2, OPN and Col I. Integrin-β1 or integrin-β5 siRNA reduced protein level of integrin-β1 or integrin-β5 **(A)**. B was the image of Western Blot analysis of Col I, OPN, Runx 2. The mechanical tensile strain increased protein levels of Runx 2, OPN and Col I (the first and second column of **C**, **D** and **E**), pretreatment of integrin-β1 siRNA inhibited the tensile strain induced the increment of the three proteins levels. Knockdown of integrin-β5 had little effect on these protein levels, and knockdown of both integrin-β1 and integrin-β5 simultaneously also attenuated the elevation, but the inhibitory effect was less than only integrin-β1 knockdown. \*P \< 0.05, \*\*P \< 0.01, between indicated groups.Figure 4Assay of Hydroxyproline (Hyp), GAG and Calcium (Ca) in ECMs. The mechanical strain increased Hyp content, and relative levels of GAG and Ca (the first and second column of **A**, **B** and **C**). Integrin-β1 siRNA reduced the content of Hyp, levels of GAG and Ca, which increased by the tensile strain. The effect of integrin-β5 siRNA on levels of hyp, GAG and Ca was nearly naught, the inhibitory effect of both integrin-β1 siRNA and integrin-β5 siRNA simultaneously on hyp, GAG, Ca was weaker than only integrin-β1 siRNA. \*P \< 0.05, \*\*P \< 0.01, between indicated groups.

Additionally, the tensile strain increased the hydroxyproline, GAG content of the ECM which was coated on loading dishes (Figure [4](#Fig4){ref-type="fig"}, the first, and the second column of A and B panels). Resulting hydroxyproline measurements were converted to collagen contents following a 1: 10 (hydroxyproline: collagen) ratio \[[@CR20]\], the levels of hydroxyproline equated to the collagen content. GAG and collagen are main components of ECM, and Col I is a kind of main collagen, so that the tensile strain increased ECM production of osteoblasts.

nvolvement of integrin-β in the accelerating effects of cyclic tensile strain on osteoblastic differentiation and ECM formation {#Sec4}
-------------------------------------------------------------------------------------------------------------------------------

After knockdown of integrin-β1 or β5 with siRNA, we assayed ALP activity, the expression levels of ALP, OCN, OPG, Runx 2, OPN, Col I of MC3T3-E1 cells, and Ca content of ECM. Transfection with integrin-β1 siRNA inhibited the enhancement of ALP activity stimulated by the mechanical tensile strain (Figure [1](#Fig1){ref-type="fig"}), integrin-β1 siRNA also attenuated increment of mRNA levels of ALP, OCN, OPG, protein levels of Runx 2, OPN, Col I (Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}), and Calcium content (Figure [4](#Fig4){ref-type="fig"}). Knockdown of integrin-β5 had little effect on osteoblastic differentiation (Figures [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). The results indicated that integrin-β1, not integrin-β5, was involved in the accelerating effect of the mechanical tensile strain on osteoblastic differentiation.

After knockdown of integrin-β1 or β5, we assayed hydroxyproline and GAG of ECM. Transfection with integrin-β1 siRNA lowered contents of hydroxyproline and GAG, which increased by mechanical tensile strain, and knockdown of integrin-β5 hardly affected increment of hydroxyproline and GAG (Figure [4](#Fig4){ref-type="fig"}). The results showed that integrin-β1, not integrin-β5, was involved in the accelerating effect of the tensile strain on ECM formation.

Notablely, simultaneous knockdowns of both integrin-β1 and β5 inhibited the two kinds of accelerating effects, but the inhibitory effect was weaker than knockdowns of integrin-β1 only (Figures [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}).

In unstrained cells, knocking down integrin-β1, integrin-β5 or both of them, nearly had no effect on protein expressions of OPN and Runx 2, and hydroxyproline level of ECM. Integrin-β1 siRNA reduced OCN mRNA expression and ALP activity, but the effect was weak. Integrin-β5 siRNA or knocking down both of integrin-β1 and β5 had no effect on OCN mRNA expression and ALP activity (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). The results showed: the osteoblastic differentiation and ECM formation did not change significantly without mechanical tensile strain, even the cells were pretreated with integrin-β1 or integrin-β5 siRNA.

Discussion {#Sec5}
==========

Bone optimizes its load-bearing role by adapting its architecture and function to mechanical loading. Lack of mechanical strain causes loss of bone mass while a suitable dynamic mechanical strain promotes bone formation \[[@CR21],[@CR22]\]. Mechanical strain can induce bone remodeling activity resulting in structural changes. In bone, mechanical strain are transmitted through ECM to resident osteoblasts, osteocytes, periosteal cells and osteoclasts \[[@CR23]\].

Osteoblasts are important mechanical receptors that can transform mechanical stimuli into biochemical signals and secrete bone matrix to promote bone matrix mineralization \[[@CR24]\]. Previous investigations showed that mechanical strain increased matrix mineralization of osteoblasts \[[@CR24],[@CR25]\] enhanced expressions of bone ECM-related proteins/genes \[[@CR12],[@CR16]\], and induced osteoblasts differentiation \[[@CR13]\]. Previous studies also indicated that mechanical tensile strain (at a frequency of 0.5 Hz and intensities of 2000--3000 με for 1 h/day) promoted osteoblastic differentiation \[[@CR15],[@CR23],[@CR26]\], and promoted formation of the osteoblast ECM \[[@CR14]\]. Consequently, in this study, we selected the mechanical tensile strain (0.5 Hz, 1 h/day) to stimulate MC3T3-E1 cells. Our study indicated that the cyclic tensile strain promoted osteoblast differentiation and increased osteoblastic ECM, which confirmed that our selection was appropriate.

Integrins are major family of cell-surface receptors, they are transmembrane heterodimers comprised of α- and β-subunits \[[@CR27]\]. The extracellular domain of integrin interacts with ECM proteins, including collagen, fibronectin, laminin, and vitronectin. The intracytoplasmic domain interacts with intracellular signal transmission molecules and cytoskeletal proteins to regulate signal transduction, cytoskeletal remodeling, cell motility, migration, apoptosis, cell proliferation and cell adhesion \[[@CR28],[@CR29]\]. Integrins provide a preferred site for mechanical signal transfer across the cell surface and transmit the signal from the plasma membrane to the cytoskeleton \[[@CR30]\].

Mechanical tensile strain up-regulated the expression of integrin-β1 in osteosarcoma cells \[[@CR31]\], and fluid shear stress (20 dynes/cm^2^, 30 min) increased the expression of integrin-β1 in C57BL/6 J mouse osteoblasts \[[@CR32]\]. In addition, the mechanical tensile strain up-regulated the expressions of integrin-β1 and β5, the two kinds of integrin subunits were involved in osteoblast proliferation regulated by mechanical strain \[[@CR11]\]. Therefore, these previous studies induced us to investigate the involvement of integrin-β1 and β5 in osteoblastic differentiation and ECM formation promoted by mechanical tensile strain.

In this study, knockdown of integrin-β1 inhibited osteoblastic differentiation and ECM formation which were promoted by mechanical strain, and knockdown of integrin-β5 had little effect on osteoblastic differentiation and ECM formation. The results demonstrate that integrin-β1, not integrin-β5, is involved in mechanical strain promoted osteoblastic differentiation and ECM formation.

More interestingly, in this study, simultaneous knockdowns of both integrin-β1 and β5 also inhibited osteoblastic differentiation and ECM formation promoted by mechanical strain, but the inhibitory effect was weaker than only integrin-β1 knockdown. The results indicate that knockdown of integrin-β5 attenuate the inhibitory effect of integrin-β1 knockdown on osteoblastic differentiation and ECM formation. Therefore, it would be more interesting to investigate the relationship between integrin-β1 and β5 in the future.

Conclusion {#Sec6}
==========

In summary, we conclude that integrin-β1 mediates osteoblast differentiation and osteoblastic ECM formation promoted by mechanical tensile strain, and integrin-β5 is not involved in the mechanical response of osteoblasts. However, knockdown of integrin-β5 attenuated the inhibitory effect of integrin-β1 knockdown on osteoblastic differentiation and ECM formation.

Methods {#Sec7}
=======

Cell culture and application of mechanical strain {#Sec8}
-------------------------------------------------

MC3T3-E1 cells, a mouse pre-osteoblastic cell line,were transferred to mechanical loading dishes that were reformed from cell culture dishes (Nunc International, Roskilde, Denmark), then maintained in alpha minimal essential medium (α-MEM; Invitrogen, San Diego, CA, USA) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin (Hyclone, Logan, UT, USA).

At confluence, the MC3T3-E1 cells were subjected to mechanical tensile strain of 2500 με at 0.5 Hz for 1 h/day at indicated times. The cyclic tensile strain was generated by a specially designed four-point bending device, as previously described \[[@CR33]\]. The device was driven by a stepping motor (controlled by a single chip microcomputer), and has been shown to produce homogenous, uniaxial strains to the substrate of mechanical loading dishes so that in the loading dishes, every cell is subjected to the same mechanical tensile strain \[[@CR34],[@CR35]\].

Alkaline phosphatase (ALP) activity assay {#Sec9}
-----------------------------------------

After mechanical strain, cells were lysed by brief sonication in the lysis buffer (10 mmol/L, HEPES, 250 mmol/L sucrose, 5 mmol/L Tris--HCl, 0.1% TritonX-100, pH 7.5). The ALP activity of the lysates was measured with ALP Activity Assay Kit (Nanjing Jiancheng Biotechnology Co. Ltd, China) at 25°C using the p-nitrophenyl phosphate method according to manufacturer's protocol. ALP activity of each sample was normalized to protein concentration.

Real-time polymerase chain (PCR) reaction {#Sec10}
-----------------------------------------

Total RNA was extracted with Trizol reagent (Invitrogen), then the cDNA was synthesised using the Rever TraPlus Kit (Toyobo Co., Ltd., Osaka, Japan). Real-time PCR was performed to detect mRNA levels of *ALP*, *OCN*, *OPG* and *GAPDH* (internal control reference) using SYBR Green I PCR Mix (Real SYBR Mixture, Beijing Cowin Biotech Co., Ltd. Beijing, China) on an Real-Time PCR System (7900; Applied Biosystems, CA, USA) according to the manufacturer's instructions. Primer sequences are listed in Table [1](#Tab1){ref-type="table"}. The amplification reaction included a denaturation step at 94°C for 180 s followed by 40 cycles of 94°C for 15 s, and at each annealing temperature for 30 s. Using the relative quantitative method (2^-ΔΔCt^), the levels of the PCR products of interest were calculated relative to those control group.Table 1**Sequences of primers used for Real-time PCRGenePrimer sequence (5′-3′)Length (bps)**ITGβ1**F:** GCAACGCATATCTGGAAACA; **R**: CAAAGTGAAACCCAGCTACC140ITGβ5**F**:TCCTGCTTCGAGAGTGAGT; **R**: CCTGCGTGGCATTTGCATT137ALP**F**: CGGGACTGGTACTCGGATAA; **R**: ATTCCACGTCGGTTCTGTTC157OCN**F**:AGTCTGACAAAGCCTTCA; **R**:AAGCAGGGTTAAGCTCACA134OPG**F**:AGTCTGAGGAAGACCATGAG; **R**:AAACAGCCCAGTGACCATTC205GAPDH**F:** ACCCATCACCATCTTCCAGGAG; **R**: GAAGGGGCGGAGATGATGAC159

Western blot analysis {#Sec11}
---------------------

The cell lysates were prepared in RIPA lysis buffer (Beyotime Institute of Biotechnology, Nantong, China). Protein concentration was quantified using Brandford's method. Equal amounts of proteins were separated by electrophoresis on a polyacrylamide gel containing 0.1% SDS, then electrotransferred onto PVDF membranes (Millipore, Bedford, MA, USA). After blocking with 5% skim milk and incubation with primary antibodies respectively, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody. The immunoreactive bands were visualized using an ECL detection kit (Wuhan Boster Bioengineering Co. Ltd, China). Glyceraldehyde3-phosphatedehydrogenase (GAPDH) was used as a loading control, data were normalized against those of corresponding optical density of GAPDH.

Assay of ECM {#Sec12}
------------

After 5 days of mechanical stimulus, the MC3T3-E1 cells were eliminated according to our established method \[[@CR36],[@CR37]\] (showed in Additional file [1](#MOESM1){ref-type="media"}), then the ECMs coated on the loading dishes were prepared (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).A.Measure hydroxyproline content. The ECMs on the loading dishes were hydrolyzed with hydrolysis buffer and the hydroxyproline content were detected with the Chloramine-T Hydroxyproline Assay Kit contain lysis buffer (Nanjing Jiancheng Biotechnology Institute Co., Ltd., Nanjing, China.) according to the manufacturer's protocol.B.Glycosaminoglycan (GAG) analysis. The ECMs were lysed with lysis buffer and GAG levels were assayed with Dimethyl-methylene Blue GAG Assay Kit contain lysis buffer (Xianmen Maiwei Biotechnology Co., Ltd., Xiamen, China.). The absorbance or optical density (OD) at 660 nm was regarded as relative level of GAG in the ECMs. Results were expressed as relative to control group (the ECM of unstrained cells on loading dishes).C.Calcium deposition assay. After the ECMs were treated overnight with 0.1 M HCl, the ECM-deposited calcium content of the dishes was measured with the Calcium Assay Kit (Nanjing Jiancheng Biotechnology Co., Inc.) using the methylthymol blue complexon method according to the manufacturer's instructions.

RNA interfering (RNAi) against integrin-β1 and integrin-β5 {#Sec13}
----------------------------------------------------------

Small interfering RNA (siRNA) targeting mouse integrin-β1 (siITGβ1) and integrin-β5 (siITGβ5) was obtained from Invitrogen. MC3T3-E1 cells (70%-80% confluence) were transfected with siITGβ1 (siITGβ5) or negative control siRNA (siCtl) using High-Fect Transfection Reagent (Beijing Cowin Bioscience Co., Ltd., Beijing, China), according to the manufacturer's recommendations. Two days after transfection and 3 days (or 5 days) of mechanical stimulus, following experiments (ALP activity assay, real-time PCR, Western blot, and ECM assays) were performed. Table [2](#Tab2){ref-type="table"} lists the small RNA sequences. In order to investigate the relationship between integrin-β1 and β5, simultaneous knockdown of both integrin-β1 and β5 with siRNA was performed.Table 2**Small interfering RNA sequencesDescriptionTypeSequence (5′-3′)**ITGβ1RNAUAGAAAUGUUGGAACACUUUCGUCCGGACGAAAGUGUUCCAACAUUUCUAITGβ5RNAUACAGCCGCAUGUGCAAUUGUAGGCGCCUACAAUUGCACAUGCGGCUGUA

Statistical analysis {#Sec14}
--------------------

All experiments were performed in triplicate and repeated at least three times. All data are showed as mean ± SD and were analyzed with one-way ANOVA followed by SNK pairwise comparisons. Statistical analysis was performed using SPSS software version 13.0. The p values \<0.05 were considered statistically significant.

Additional file {#Sec15}
===============

Additional file 1: Figure S1.Preparation of osteoblast ECM which was coated on dishes. A. Osteoblasts were observed via inverted microscopy. The cells were removed after treatment with PBS containing 0.5% Triton X-100 and NH~4~OH, and treated with 100 units/ml DNase, then the ECMs formed on the surfaces were revealed. B. The cells were stained with DAPI Staining Solution (Wuhan Boster Bioengineering Co., Ltd, Wuhan, China), according to manufacturer's protocol. Before decellularization, the nucleus were observed with fluorescence microscope. After decellularization, the nucleus were removed. **Figure S2.** The protein expression of OPN and Runx 2, the ALP activity and mRNA expression of OCN in unstrained cells, and the relative hydroxyproline (Hyp) level of unstrained cells. Pretreatment of integrin-β1 siRNA or integrin-β5 siRNA nearly had no effect on protein expressions of OPN and Runx 2, and the hydroxyproline level. Integrin-β1 siRNA reduced OCN mRNA expression and ALP activity, but the effect was weak.
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